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CHAPTER I
INTRODUCTION
Fatigue-crack growth (FCG) has been a major indicator in examining how
repeated or random load cycles can cause structural failure. Fatigue of structures is
mainly concerned with determining the damage and fatigue properties due to cyclic
loading in the crack growth threshold and near-threshold regions. Linear elastic fracture
mechanics (LEFM) developed by Irwin and Paris proved to be a powerful tool in the
understanding of fatigue-crack growth and in the quantification of cyclic stress-intensity
factor ΔK with respect to FCG rate, at a given load ratio (R = minimum to maximum load
ratio). The relation between ΔK and dc/dN was shown to be nearly linear on a log(ΔK)log(dc/dN) scale by Paris and Erdogan [1]. This relation between ΔK and dc/dN
becomes non-linear once cracked bodies are approaching fracture [2] or when the FCG
rate is very slow [3]. Therefore, fatigue-crack growth behavior of many materials can be
categorized into three regions: (1) threshold region (ΔK is too low to propagate a crack),
(2) mid-region (the rate of crack growth changes roughly linearly with a change in stressintensity fluctuation), and (3) fracture region (large increase in crack growth rate). Crack
closure was shown to be a major mechanism in explaining the effects of changing the Rratio, low ΔK crack growth (near-threshold), and retardation due to an overload, which
modify the stress-intensity factor range experienced by the crack tip and. Hence, the
crack growth rate, which resulted from contact of residual plastic deformation left in the
1

wake of the crack extension [4, 5], roughness of the crack surfaces [6], and debris created
along the crack surfaces [7]. Crack-growth data under constant-amplitude loading were
correlated using the crack-closure concept over a wide range in load levels, load ratios
and over a wide range in rates from threshold to fracture [8].
Standard mechanical measurements have been employed to measure bulk effects,
like crack-mouth-opening displacement (CMOD) gages or backface strain (BFS)
measurements. These remote methods give a measure of crack closure (or more correctly,
crack-opening load). Such techniques indicated that under high load ratio (R ≥ 0.7)
conditions produced no crack closure for a variety of materials. However Yamada and
Newman [9], using a local strain-gage method, showed that there is crack-closure
behavior attributed to residual plastic deformations, crack-surface roughness and/or
fretting-debris at least in the near-threshold and threshold regions. In the threshold and
near-threshold regions, debris-induced crack closure (DICC) [7, 10] and roughnessinduced crack closure (RICC) [6, 11] contributed to overall crack closure; plasticityinduced crack closure (PICC) is still very relevant under all load-ratio conditions and
contributed strongly to crack-opening loads that were above the minimum load [8, 12].
PICC could not explain threshold and near threshold crack growth behavior as a function
of load ratio, but adding RICC and DICC contributions could correlate the data very well
[9].
ASTM E-647 defines load reduction to generate constant load-ratio data in the
threshold and near-threshold regions [13]. However, the ASTM load-reduction method
may produce higher thresholds and slower rates in the near-threshold regime than steadystate constant amplitude data [14, 15]. The load reduction procedure also produced
2

fanning in the measured crack growth rates with load ratio in the threshold regime.
Fanning in the near-threshold regime gives more spread in the ΔK-rate data compared to
the mid-region. The load-reduction test method has been shown to induce high crackopening loads and remote crack-surface closure due to a load and/or environmental
history effect [12, 14, and 16]. Thus, a compression pre-cracking method had been
developed to generate constant-amplitude fatigue-crack-growth-rate data in the threshold
and near-threshold regimes with minimal or no load-history effects [17-19]. The
procedure involves cycling a notched specimen under a compression-compression
loading to initiate a crack at the crack-starter notch, and then testing the specimen under
constant-amplitude loading.
The starter crack is to be grown several compressive plastic zone sizes to
eliminate the effects of the tensile residual stresses, the crack-starter notch effect, and to
stabilize the crack-opening stress history [19, 20]. This procedure is called the
compression pre-cracking constant-amplitude (CPCA) loading test method. Another
procedure is compression pre-cracking load-reduction (CPLR) testing. The latter method
allows the crack to be grown at a much lower ΔK than needed or allowed in the ASTM
standard load-reduction test procedure, which requires tensile pre-cracking.
A test program was conducted to generate fatigue-crack-growth-rate data from
threshold to near fracture using several loading sequences: (1) compression pre-cracking
constant amplitude (CPCA), (2) compression pre-cracking load reduction (CPLR), (3)
ASTM load reduction (LR) and (4) constant-amplitude (CA) loading. Two materials
were tested. 7050-T7351 aluminum alloy and 9310 steel were each tested at load ratios of
0.1, 0.4, and 0.7. An R = 0.9 test was also conducted on a steel specimen. Results from
3

both materials were compared with previous literature test data generated by Newman et
al [21].
Results were compared with test data from the literature on the 7050 alloy that
was tested in a different material orientation and with existing test data on the 9310 steel
from the literature that was tested in a different thickness. In both the 7050 (SLorientation) and the 9310 material, very little difference was observed between the
ASTM load reduction (LR), CPLR and CPCA test methods, although compression precracking allowed much lower initial ∆K values than the ASTM standard. It had
previously been shown that the ASTM LR method induces a load-history effect which
may be caused by remote closure in the 7050 alloy that was tested in the LT-orientation.
The backface strain (BFS) gage method was used to monitor crack lengths and to
measure crack-opening loads from remote load-strain records during all tests as shown in
Figure 1(a). A crack-compliance method using BFS gages had previously been used to
determine that the crack-starter notch tensile residual-stress effects from compression
pre-cracking dissipated in about three compressive plastic-zone sizes; the crack-closure
behavior then stabilized to produce steady-state constant-amplitude data. In addition,
crack extension from the crack-starter notch beyond one notch height was shown to
eliminate the effects of the notch on the stress-intensity factor.
During all tests, the compliance off-set method was used to estimate the crackopening load as a function of stress ratio and crack length. A zero percent offset value
(OP0), similar to Elber’s crack-opening load, was extrapolated using the one-percent
(OP1) and two-percent (OP2) offset compliance values recorded from the BFS and crackmonitoring software using Elber’s load-reduced-displacement approach.
4

For the 7050 alloy, a crack-closure analysis was performed to calculate the
effective stress-intensity factor (∆Keff) against rate using measured OP0 values for low R
(0.1) and these results were compared with the K-rate test data at high R. Past research
had shown that high R (≥ 0.7) test data is basically the ∆Keff-rate curve in the mid-crackgrowth-rate region. However, in the low-rate regime, previous testing had shown that
high-R closure develops due to the load-reduction method and/or faceted crack-growth
behavior causing roughness- or debris-induced crack closure, in addition to plasticityinduced crack closure. For high R tests, plasticity is suspected to give a crack-opening
load at or near the minimum load, and, thus, roughness/fretting debris are assumed to
cause crack-opening loads above the minimum load. Unfortunately, the remote BFS
method was unreliable to measure OP0 values for higher stress ratios (R ≥ 0.7).
For the 9310 steel, the remote BFS method was unable to detect any OP1 and
OP2 compliance off-set values at any stress ratio, so a crack-closure analysis using OP0
values could not be performed. In the steel tests, the fatigue crack surfaces were very
flat, and roughness-induced crack closure was not expected. Debris-induced crack
closure may be caused by the environment (humidity levels). However, plasticityinduced crack closure was expected to be the major crack-closure mechanism.
A crack-closure analysis was performed on both materials using the FASTRAN
crack-closure model. The crack-growth-rate data for each material correlated very well
and each collapsed onto a nearly unique curve in the low- and mid-rate regimes using the
strip-yield model in the FASTRAN life-prediction code. In the high rate regime, the
fracture toughness controlled the crack-growth-rate behavior. The Newman crackgrowth equation modeled the behavior in the threshold to fracture regimes fairly well.
5

For the 7050 alloy, a constraint factor of α = 1.8 was required, while for the 9310 steel α
= 2.5 worked very well in correlating the test data over a very wide range in R values and
rates from threshold to near fracture.
A test program was conducted to generate fatigue-crack-growth-rate data from
threshold to near fracture using several loading sequences: (1) compression pre-cracking
constant amplitude (CPCA), (2) compression pre-cracking load reduction (CPLR), (3)
ASTM load reduction (LR) and (4) constant-amplitude (CA) loading. Two materials
were tested. 7050-T7351 aluminum alloy and 9310 steel were each tested at load ratios of
0.1, 0.4, and 0.7. An R = 0.9 test was also conducted on a steel specimen. Results from
both materials were compared with previous literature test data generated by Newman et
al [21].
Remote BFS gages, as shown in Figure 1(a), were used to monitor crack growth
and to measure remote load-strain records. Based on these measurements, crack closure
(or crack-opening) loads and the effective stress-intensity-factor range against crackgrowth rate was calculated for the R = 0.1 tests conducted on the 7050 alloy. For the
higher R ratio (R ≥ 0.7) tests on the aluminum alloy and all tests on the 9310 steel, the
remote load-strain records did not produce any reliable indications of crack closure.
However, the FASTRAN crack-closure model was used to correlate the FCG rate data on
both materials over a wide range in stress ratios and rates using appropriate constraint
factors.
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Figure 1

Compact specimen with remote backface-strain (BFS) gage with and
without beveled holes.
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(a) Compression pre-cracking and constantamplitude (CPCA) loading.
Figure 2

(b) Compression pre-cracking and loadreduction (CPLR) loading.

Load sequences for threshold and constant-amplitude testin
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MATERIAL AND SPECIMEN CONFIGURATIONS
Two materials were used to generate FCG-rate data over a wide range in load
ratios (0.1 ≤ R ≤ 0.9) from threshold to near-fracture: 7050-T7451 aluminum alloy and
9310 steel. All of the compact specimens machined from these materials had an
electrical-discharge machined U-notch with a height of 0.02 inches and a notch-tip radius
of 0.01 inches. The notch length to width (cn/W) ratio was 0.2 for all specimens.
Aluminum Alloy 7050-T7451
Compact specimens made of aluminum alloy 7050-T7451 were obtained from the
NASA Langley Research Center that had been machined from a 6-inch thick forging
block. The forging block was in an over-aged T7451 heat-treat condition. Tensile tests
were conducted according to ASTM Standard E8 using 0.25-in. round-bar specimens.
The specimens were tested in the (L) longitudinal and (S) short transverse orientations at
room temperature. The yield stress, ultimate tensile strength, and modulus of elasticity
were calculated from tests for each orientation. For the L-orientation at room
temperature, the yield stress was 68 ksi, the ultimate tensile strength was 76 ksi, and the
modulus of elasticity was 11,000 ksi. The specimens had a width, W = 2 inches, and a
thickness, B = 0.25 inches. The edges of the pin holes in the 7050-T7451 alloy specimens
were beveled to avoid or minimize undesired out-of-plane bending influence on crackfront shapes. The beveled pin holes, as shown in Figure 1(b), causes the pins to contact
9

near the mid-thickness of the specimen and produce a straight crack front, as shown in
Figure 1(c) by avoiding different stress-intensity factors at the crack tip on each side of
the specimen due to a slight misalignments in the compact clevis pin loading fixture.
Steel 9310
The C(T) specimens from a 9310 steel rod were in the longitudinal direction of
maximum grain flow (LR) orientation. These specimens were also obtained from the
NASA Langley Research Center. Tensile properties were not obtained on this particular
material. The stated yield stress and ultimate tensile strength were 155 and 174 ksi,
respectively. The tensile properties (yield stress and ultimate tensile strength) are
important in the fracture toughness assessment of the steel. Steel specimens also had a
width, W = 2 inches, and a thickness B = 0.4 inches. The edges of the pin holes in the
9310 specimens were not beveled because the material was too hard and the BFS gages
were already installed on the specimens.
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TEST PROCEDURES
All fatigue crack growth tests were performed under laboratory air conditions at
room temperature in 5.6 kip (25 KN) servo-hydraulic test machines. Crack lengths were
monitored using compliance procedures from BFS gages. Acquisition and test control
data were provided by using the Fatigue Technology Associates (FTA) crack-monitoring
system developed by Donald [22]. The BFS and crack-monitoring software used crackcompliance to measure and record the crack length, and to record load-strain records with
various compliance-offset values using Elber’s load reduced displacement approach [23].
Normally, ASTM E-647 standard recommends the 2% offset (OP2) value, but both OP1
and OP2 values were used instead to calculate the 0% offset (OP0), which is closer to
Elber’s crack-opening load.
A compression-compression pre-cracking method was used to eliminate or reduce
the history effect from load reduction in the fatigue-crack-growth-rate data in the
threshold and near-threshold regimes for different load ratios, R. The compact specimens
were compression loaded using the standard pins and they were compression pre-cracked
at |Kcp|/E = 0.001 in1/2 for about 50,000 cycles at 10 Hz, unless specified otherwise. For
the aluminum alloy, the maximum compressive load was -50 lbs and R = 13. For the
steel, the maximum compressive load was -50 lbs and R = 60 or 100. Using this
procedure, all specimens were fatigue pre-cracked under compression-compression
11

loading to initiate a crack at the electrical-discharge machined U-notch. The fatigue precrack could not be seen by a low-power microscope, but the compliance from the FTA
system indicated that a very small crack was at the U-notch. The FTA system could not
record the crack length because the system would not allow compression-compression
loading. However, future modification would be very useful for compression precracking.
Transition effects generated from tensile residual stresses and compressive
loading were removed by extending the fatigue crack under a selected constant-amplitude
loading to Δc ≥ 3 (1-R) ρc, where ρc is the Dugdale compressive plastic-zone size
calculated from the plane-stress equation by ρc = (π/8)(|Kcp|/σo)2 [24, 25]. The crack
must also be grown to an adequate amount from the U-notch-tip by Δc ≥ h to minimize
the notch effect, where h is the height of the notch.
Data from threshold to near fracture were then obtained using either the CPCA or
CPLR loading, at constant R after a small amount of crack extension under constantamplitude loading to satisfy the crack-extension criteria for valid test data. The CPCA or
CPLR testing was performed at a nominal frequency of 18 Hz in the low-rate regime and
about 3 to 5 Hz in the high-rate regime. In the CPCA method, the constant-amplitude
loading was selected to be about 30% higher than the anticipated threshold stressintensity-factor range, and the loads were held constant until the crack grew to failure, as
shown in Figure 2(a).
In the CPLR test method, the crack was grown under constant-amplitude loading
to again satisfy the plastic-zone and notch criteria, and then the standard ASTM LR
method was used to generate test data in the threshold regime, as depicted in Figure 2(b).
12

In the CPLR method, the initial K is much lower than would be obtained or be allowed
in the standard ASTM LR method using tensile pre-cracking. After reaching a threshold
stress-intensity factor range, Kth, it is customary to conduct a CA test to generate the
K-increasing data. To avoid history effects, the R value for the CA portion should be
higher than the R value used in the LR test. For example, if the LR test was at R = 0.1,
then the CA portion should be at R = 0.4; and if the LR test was at R = 0.4, then the CA
test should be at R = 0.7, as shown in Figure 2(b).
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MATERIAL TESTED AND ANALYZED
Aluminum Alloy 7050-T7451
Fatigue-crack-growth results
Fatigue crack growth properties from threshold to near fracture have been determined
for aluminum alloy 7050-T7451 on C(T) specimens to establish the ΔK-rate data for a
wide range in constant load-ratio values (R = 0.1, 0.4 , and 0.7). The fatigue-crackgrowth rate, log(dc/dN), is commonly plotted against log(ΔK). The fatigue-crack-growth
behavior may be categorized into three regions: threshold regime, mid-rate regime (Paris
region) and fracture regime. In the mid-rate regime, ΔK increases and unstable crack
growth is expected in the fracture region, as the crack grows under constant-amplitude
loading, But as ΔK decreases from the Paris region, the fatigue-crack-growth rate
drastically slows down in the threshold regime. The majority of fatigue life is spent
propagating a crack in the near-threshold region, whereas the Paris and fracture regions
consume smaller portions of the total fatigue life.
Multiple tests were conducted on C(T) specimens at different constant load ratios
R = 0.1, 0.4 and 0.7 and these results are shown in Figure 3. Four specimens were tested
using CPCA loading, CPLR loading, and both traditional ASTM LR and CA methods.
The solid symbols show the ASTM LR or CPLR test data, while the open symbols show
the CPCA or CA test results. For the three load ratios, the higher R data shows a faster
14

fatigue-crack-growth rate at the same ΔK, and the R = 0.7 test produced a lower threshold
than the R = 0.1 test. These results shows a slight fanning with the load ratio, where the
spread in data with ΔK in the mid- and higher-rate regions were smaller than in the low
rates region (greater spread in the threshold region). At higher rates, the critical stressintensity-factor at failure, ΔKc, is given by KIe (1 – R), where KIe is the elastic fracture
toughness or maximum stress-intensity factor at failure. Thus, tests at higher R failed at a
lower Kc than tests at lower R.

15

Figure 3

Fatigue-crack-growth-rate data for CPCA, CPLR, ASTM LR and CA tests at
constant load ratios on 7075-T7451 aluminum alloy.

Figure 4 shows a comparison of test data generated at R = 0.1 loading using the
CPLR, CPCA and ASTM load-reduction (LR) test method from the literature and those
from the current study. The CPLR and CPCA tests were conducted by Newman et al.
[26], whereas the ASTM LR test was conducted by J.A. Newman et al. [27] at NASA
16

Langley Research Center on specimens machined from the same plate of material, but in
a different orientation (LT) than those used in the current study (SL).
These results show that the ASTM LR method for the SL-orientation gave nearly
the same results as CPLR. But the CPLR results were only slightly lower than the ASTM
LR method. However, the LT-orientation showed a much larger difference (from 2 to
2.8 ksi-in1/2) for the CPLR and ASTM LR methods, respectively. These results show that
the SL-orientation has a lower threshold (Kth at 4E-9 in/cycle) and faster rates than the
LT-orientation in the threshold and near-threshold regimes.
Figure 5 shows a comparison for tests conducted on the SL- and LT-orientations
at R = 0.7. Again, the SL-orientation produced a lower threshold (Kth at 4E-9 in/cycle)
and faster rates than the LT-orientation from threshold to fracture.
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Figure 4

Comparison of FCG data generated from CPCA, CPLR, ASTM LR and CA
threshold testing on 7075-T7451 aluminum alloy at R = 0.1.
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Figure 5

Comparison of FCG data generated from CPCA, CPLR, ASTM LR and CA
threshold testing on 7075-T7451 aluminum alloy at R = 0.7.
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Crack-closure measurements
Crack-opening loads were measured during the fatigue-crack-growth tests using
compliance data from the remote BFS gage method. The FTA crack-monitoring system
recorded the crack-opening-load (Po/Pmax) ratios for 1% and 2% offset (OP1 and OP2,
respectively) compliance. In this paper, the zero-percent offset value, defined as OP0 = 2
OP1 – OP2, was used to approximate Elber’s definition of the crack-opening load. These
results will be used to help explain the load-ratio effects on FCG behavior. Based on the
ranges of crack-opening load determined for both 7050-T7451 aluminum alloy and 9310
steel, an effective stress-intensity factor range, ΔKeff, was calculated and compared with
the FASTRAN model that accounts for only plasticity-induced-crack-closure (PICC)
behavior.
Figure 6 shows the crack-opening-load ratio, as a function of crack length to width
ratio generated from CPLR, ASTM LR, CPCA and CA for R = 0.1 tests. (The Po/Pmax ratio
is the OP0 value.) The plot shows the crack starter notch and the two criteria [19, 28] (both
the plastic-zone criterion and the notch criterion gave the same value of crack extension) to
remove the effects of the tensile residual stresses caused by compressive loading and the

notch effect. In both the CPLR and ASTM LR methods, Figure 6(a), shows a rapid rise
in the crack-opening load ratio as the threshold stress-intensity factor is approached,
reaching a high value above c/W = 0.6. These results may be caused by a load-history
effect due to load shedding or the crack surfaces may become more faceted with an
increase in crack-surface roughness and RICC. During the CA and CPCA tests, as shown
in Figure 6(b), the Po/Pmax ratio started to about 0.45 and 0.6, respectively, and continued
to drop with further crack growth.
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The solid horizontal line in Figure 6(a, b) represents the crack-opening-load ratio
calculated from the FASTRAN model for a constraint factor  = 1.8. The PICC model
agreed well for 0.4 < c/W < 0.7 with a +/-10% allowance for scatter and variation. The
drop in the crack-opening-load ratio for c/W > 2/3 on C(T) (and ESE(T)) specimens has
been observed in the literature [29]. It is suspected that a deep crack in bending will
develop more plane-strain conditions and a high positive T-stress, which would cause
less crack closure.
Using the compliance offset at 0% (OP0), the ΔKeff values were determined in
Figure 7 for all of the R = 0.1 tests. The compliance offset measurements from the
remote BFS gage did not produce any (OP1 or OP2) values for the R = 0.4 and 0.7 tests.
However, the R = 0.7 data is shown as K (square symbols). The Keff results for the
R = 0.1 tests agreed very well with the R = 0.7 results in the mid-region, but fell well
below the R = 0.7 results in the threshold regime. In the mid-region, the R = 0.7 test is
expected to be closure free (K = Keff), while the R = 0.7 results in the near-threshold
region is expected to develop crack closure. Yamada and Newman [9, 21, 26] showed
that there is crack closure on the R = 0.7 tests, and tests at even higher R values, in the
threshold regime using local strain gages from the load-local-strain records.
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Figure 6

Crack-opening load ratio as a function of crack length to width ratio
generated from CPLR and ASTM LR for R = 0.1 tests on 7075-T7451
aluminum alloy.
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Figure 7

Crack-opening load ratio as a function of crack length to width ratio
generated from CPCA and CA for R = 0.1 tests on 7075-T7451 aluminum
alloy.
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Figure 8

Effective stress-intensity-factor ranges for R = 0.1 tests using measurements
and K for R = 0.7 tests on 7075-T7451 aluminum alloy.
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Crack-growth modeling
FASTRAN is a life-prediction code based on the plasticity-induced crack-closure
concept [4, 5] and the modified Dugdale [30] or strip-yield model. The code is used to
predict crack length against cycles from a specified initial crack size to failure for many
common crack configurations found in structural components. In general, for any crack
configuration, the effective stress-intensity factor is given by
ΔKeff = U ΔK = [(1 – Po/Pmax)/(1 – R)] ΔK

(1)

The crack-growth relation used in FASTRAN [33, 34] is
dc/dN = C1i(ΔKeff)C2i [1 – (ΔKo/ΔKeff)p]/[1 – (Kmax/C5)q]

(2)

where C1i and C2i are the coefficient and power for each linear segment, ΔKeff is the
effective stress-intensity factor range, ΔKo is the effective stress-intensity factor range at
threshold, Kmax is the maximum stress-intensity factor, C5 is the cyclic elastic fracture
toughness (usually C5 is set equal to KIe, which is generally a function of crack length,
specimen width, and specimen type), p and q are constants selected to fit test data in
either the threshold or fracture regimes. Whenever the applied Kmax value reaches or
exceeds C5 (or KIe), then the specimen or component would fail and the crack-growth rate
goes to infinity. Currently, the effective threshold stress-intensity-factor range, ΔKo, is
expressed as a function of load ratio. For positive load ratios (R ≥ 0),
ΔKo = C3 (1 + C4 R) for negative C4

(3)

ΔKo = C3 (1 – R) C4 for positive C4

(4)

or

C3 and C4 are determined from experimental test data in the threshold regime.
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The sharp changes in the crack-growth-rate curves at unique values of rates have
been associated with monotonic and cyclic plastic-zone sizes, grain sizes, and
environments [31, 32].
The crack-closure model FASTRAN [33, 34] was used to correlate the ΔK-rate
data into a tight band on the ΔKeff plot using a constraint factor of α = 1.8, as shown in
Figure 8. The test data correlated very well and even collapsed onto a unique curve from
threshold to near fracture. In the upper rate regime, the Keff at fracture is a function of
R. High R tests will have a lower critical Keff value than low R. The curve with open
circular symbols is the Keff baseline curve selected to fit these data.
The data shown in Figure 8 were very different from the measured ΔKeff values,
as shown in Figure 7. This discrepancy was mainly due to the fact that the FASTRAN
model is based on PICC, while in the threshold regime all the three shielding mechanisms
PICC, RICC and DICC have an impact to the ΔK-rate data.
Life prediction can be accurately obtained using a combination of plasticity,
roughness and debris [35-37] crack-closure modeling for large cracks. However, these
three crack-growth mechanisms (PICC, RICC and DICC) have not been incorporated into
any of the major life-prediction codes, like FASTRAN [34], NASGRO [38] and
AFGROW [39].
But as shown in Figure 8, the FASTRAN PICC model was able to correlate the
K-rate data for all tests onto a nearly unique Keff-rate curve. Thus, from a Fracture
Mechanics similitude perspective, the PICC model can be used to predict crack growth
under CA loading very well. However, caution must be exercised when trying to predict
crack growth under spectrum loading because RICC and DICC mechanisms are not
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modeled. Further research is needed to model crack growth under spectrum loading that
includes the three major crack-shielding mechanisms.
The solid curve with open symbols in Figure 8 shows the ΔKeff-rate baseline
curve (see Table 1) for the aluminum alloy. Figure 9 shows that the FASTRAN model
with a constraint factor of α = 1.8 modeled the fatigue-crack-growth test (K-rate) data at
R = 0.1, 0.4 and 0.7 fairly well. The coefficients in the threshold and fracture terms of
Equation (2) were evaluated from the test data presented in Figure 3. The ΔKo value was
zero because the Keff-rate data in the threshold regime didn’t vary with load ratio R.
Several C(T) specimens were cycled to failure at both low and high R. The cyclic
fracture toughness, C5 = 23.33 ksi-in1/2, was used to fit the FCG data as the specimens
failed. However, it is suspected that KIe values are not constant, but vary with crack
length and specimen width. The exponent, q = 6, was selected to best match the shape of
the ΔK-rate curve from the CA test. Insufficient test data was available to conduct a
Two-Parameter Fracture Criterion (TPFC) analysis [40].
Table 1

Effective Stress-Intensity Factor Range against Rate Relation for 7050T7451 Aluminum Alloy
ΔKeff, ksi-in1/2
0.94
1.00
1.20
1.80
3.15
4.70
7.50
10.0
13.0
 = 1.8
C3 = 0 ksi-in1/2
C5 = 23.33 ksi-in1/2
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dc/dN, in/cycle
4.0e-9
1.7e-8
5.2e-8
1.6e-7
5.5e-7
1.9e-6
1.5e-5
5.2e-5
5.8e-4
All rates
C4 = 0
q=6

Figure 9

Effective stress-intensity-factor ranges against rate for all tests using
FASTRAN model on 7075-T7451 aluminum alloy.
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Figure 10

Measured and calculated FCG behavior over wide range in load ratios from
threshold to fracture on 7075-T7451 aluminum alloy.

Steel 9310
Fatigue-crack-growth results
Fatigue crack growth properties from threshold to near fracture have been
determined for 9310 steel on C(T) specimens to establish the ΔK-rate data for a wide
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range in constant load-ratio values (R = 0.1, 0.4 , 0.7 and 0.9). The fatigue-crack-growth
rate log(dc/dN) is commonly plotted against log(ΔK). The fatigue-crack-growth behavior
can be categorized into three regions: threshold regime, mid-rate regime (Paris region)
and fracture regime. In the mid-rate regime, ΔK increases and unstable crack growth is
expected in the fracture region, as the crack grows under constant-amplitude loading.
But as ΔK decreases from the Paris region, the fatigue crack growth rate drastically slows
down in the threshold regime. The majority of fatigue life is spent propagating a crack in
the near-threshold region, whereas the Paris and fracture regions consume smaller
portions of the total fatigue life.
Testing on 9310 steel was made on five C(T) specimens to generate fatigue-crackgrowth-rate data. Tests were conducted using CPCA, CPLR and CA test methods.
These tests have been performed at a constant load ratio values (R = 0.1, 0.4, 0.7 and
0.9). After compression pre-cracking, all tests were subjected to CA loading to grow the
crack to satisfy the crack-growth criteria, and then either CA was continued (CPCA test)
or a LR test was conducted (CPLR). Figure 10 shows the measured test data, which
generally ranged from threshold to near fracture. The solid symbols show the CPLR test
results, while the open symbols show the CPCA and CA test results. The two tests
conducted at R = 0.1 under CPCA loading with a time delay or no time delay after CP
loading will be discussed later. Only once specimen was delayed two months after CP
loading and all the rest of the specimens were tested immediately.
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Figure 11

Fatigue-crack-growth-rate data for CPCA, CPLR and CA tests at constant
load ratios on 9310 steel.
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In the near-threshold regime, the R = 0.9 rates were slightly higher than the rates
for R = 0.7 at the same ΔK value. The test results for low R (0.1) in the mid- and upperrate regimes show the usually parallel shift along ΔK axis with load ratio. For the four
load ratios, the higher R shows faster fatigue crack growth rate at the same ΔK, and the R
= 0.9 test produced a lower threshold than the R = 0.7 test. In the threshold regime, there
is a slight spread between 0.7 and 0.9 rates, which may indicate that the R = 0.7 test had
some crack-closure behavior during the load-reduction procedure, as observed by
Yamada and Newman [28, 41].
There is a large spread in the test data in the threshold and mid-rate regions for
one of the R = 0.1 CPCA tests due to pre-cracking the specimen two months before
conducting the CA portion of the test. This specimen was the only one to be delayed and
was compression pre-cracked at |Kcp|/E = 0.0008 in1/2. These results showed a very
strange behavior in the early stage of crack growth and showed very low crack-growth
rates. It was suspected that the tensile residual stresses due to compression pre-cracking
relaxed at the crack tip during the long hold time. A second specimen was compression
pre-cracked (|Kcp|/E = 0.0016 in1/2), but tested immediately under CPCA loading. These
results did not show the very low crack-growth rates, as were observed in the earlier test.
Thus, all other specimens were compression pre-cracked at the higher |Kcp|/E ratio, just
before testing. These results show no fanning in the threshold region due to the parallel
shift of data with the load ratio. At higher rates, the critical stress-intensity-factor range
at failure, ΔKc, is given by KIe (1 – R), where KIe is the elastic fracture toughness or

32

maximum stress-intensity factor at failure, then a crack in this regime will grow to failure
at lower ΔKc values for higher R.
Figures 11 through 14 show comparisons of test data from the literature and the
current study for R = 0.1, 0.4, 0.7, and 0.9, respectfully. There was excellent agreement
between the current tests and the literature results for a wide range of load ratios.
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Figure 12

Comparison of FCG data generated from CPCA, CPLR and CA tests at
constant load ratio R = 0.1 on 9310 steel.
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Figure 13

Comparison of FCG data generated from CPCA, CPLR and CA tests at
constant load ratio R = 0.4 on 9310 steel.
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Figure 14

Comparison of FCG data generated from CPCA, CPLR and CA tests at
constant load ratio R = 0.7 on 9310 steel.
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Figure 15

Comparison of FCG data generated from CPCA, CPLR and CA tests at
constant load ratio R = 0.9 on 9310 steel.
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Crack-closure measurements
For the 9310 steel, the remote load-strain method using the FTA crack monitoring
system produced no information on OP1 and OP2 for all tests. However, using the
ASTM E-647 procedure [13], crack-opening loads may be determined by a deviation
point from the loading curve on the load against reduced strain records. If there is no
crack-surface contact, the load reduced strain record would show only linearity. Elber’s
crack-opening load was defined at the first indication where the loading slope equals the
unloading slope [23]. For constant amplitude loadings, the compliance is constant at high
loads (open crack) which appear as a linear section. During unloading, a large portion of
the crack surface closes; this compliance change is very dramatic (change in slope).
During loading, as the crack surfaces open the compliance changes until the crack is fully
open and then when the opening compliance is equal to the unloading compliance,
Elber’s crack opening load is defined. This difficulty arises when determining the correct
crack-opening load from the load-reduced-strain record with electronic and mechanical
noise in the record. Some typical load-reduced-strain records were measured from the
BFS gage at various stress-intensity factor ranges for a cracked specimen at different load
ratios (R = 0.1, 0.4 and 0.7). For R = 0.1 and 0.4, the remote gage showed some
indication of crack closure at different stress-intensity factor ranges, but the record was
not clear enough to deduce accurate crack-opening values, as shown in Figure 15(a) and
15(b). The ASTM E-647 method of calculating the crack-opening load was inconclusive
for low R (< 0.4) due to the fact that the remote gage lacked the required fidelity to
determine crack-opening loads in the threshold and near-threshold regimes. But for the R
= 0.7 test, Figure 15(c), the results from the BFS showed a tail-swing associated with the
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crack closure in the threshold region. The curvature between Po/Pmax of 0.785 and 0.925
showed a noticeable difference at ΔK = 2.82 ksi-in1/2. Whereas, at ΔK = 13.93 ksi-in1/2,
the remote load-reduced-strain record was very linear and didn’t show any crack closure
(K = Keff). The ΔKeff values couldn’t be determined from load-strain or reduced-strain
records due to the poor sensitivity to crack-tip events [35]. The remote BFS gages are
not sufficient to determine crack-opening loads from remote measurements. Changes in
compliance are sensitive to crack closure. To better determine the crack-opening loads
and to improve sensitivity, load-strain records should be measured using near crack tip
local gages, as shown by Yamada and Newman [28].
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Figure 16

Remote reduced load-backface-strain records for various stress-intensity
factor for R = 0.1 on 9310 steel.
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Figure 17

Remote reduced load-backface-strain records for various stress-intensity
factor for R = 0.4 on 9310 steel.
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Figure 18

Remote reduced load-backface-strain records for various stress-intensity
factor for R = 0.7 on 9310 steel.

Crack-growth modeling
The crack-closure model FASTRAN [33, 34] was again used to correlate the ΔKrate data into a tight band on the ΔKeff plot using a constraint factor of α = 2.5, as shown
in Figure 16. The value of constraint was selected to collapse the K-rate data in the
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near-threshold regime. The data correlated very well and even collapsed into a unique
curve from threshold to near the fracture regime. The R = 0.9 constant-amplitude test
deviated at the high rates because the specimen was going to fracture. The 9310 steel
produced a very flat crack surface which would greatly reduce the effects of roughness
and debris, thus plasticity was the dominant shielding mechanism for crack closure. The
plasticity-induced crack-closure model was able to collapse the K-rate data into a tight
band over a wide range in R and rates. The solid curve with open symbols show the
ΔKeff-rate baseline curve (see Table 2).
Figure 17 shows that the crack-growth equation (Eqn. 2) with a constraint factor
of α = 2.5 matched the K-rate data very well at R = 0.1, 0.4, 0.7 and 0.9. The
coefficients in the threshold and fracture terms of Equation (2) were evaluated from test
data presented in Figure 16. The ΔKo value was again selected as zero because the Krate data in the threshold regime didn’t vary with load ratio R. Several C(T) specimens
were cycled to failure at both low and high R. The cyclic fracture toughness,
C5 = 150 ksi-in1/2, to fit the FCG data as cracks grew to failure. The power term, q = 6,
was selected to best match the shape of the ΔK-rate curve from the CA test. Again,
insufficient test data was available to conduct a Two-Parameter Fracture Criterion
(TPFC) analysis [40].
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Table 2

Effective Stress-Intensity Factor Range against Rate Relation for 9310 steel.
ΔKeff, ksi-in1/2
2.62
2.86
3.50
5.00
10.00
15.00
23.00
40.00
66.00
77.00
 = 2.5
C3 = 0 ksi-in1/2
C5 = 150 ksi-in1/2
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dc/dN, in/cycle
3.0e-9
1.7e-8
5.2e-8
1.3e-7
6.5e-7
2.4e-6
6.8e-6
2.2e-5
1.0e-4
2.0e-4
All rates
C4 = 0
q=6

Figure 19

Effective stress-intensity-factor ranges against rate for all tests using
FASTRAN model on 9310 steel.
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Figure 20

Measured and calculated FCG behavior over wide range in load ratios from
threshold to fracture on 9310 steel.
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DISCUSSION OF RESULTS
Aluminum Alloy 7050-T7451
Testing on 7050-T7451 aluminum alloy in the SL-orientation has shown that the
FCG rates were faster over the complete range in K, the thresholds are lower, and has
lower fracture toughness than the LT-orientation. Thus, cracks will grow faster and
critical crack lengths will be smaller in the SL-orientation than in the LT-orientation.
A rapid rise in the crack-opening-load ratio was shown for both the CPLR and
ASTM LR tests, reaching a value greater than c/W = 0.6. During the CPCA and CA
tests, the crack-opening-load ratio was about 0.5 and leveled off to roughly 0.4 with crack
extension, but dropped as the cracks became larger (c/W > 0.6). Thus, the load-reduction
test causes a quite different crack-opening-load history than the constant-amplitude tests.
These results may be caused by a load-history effect due to load shedding and/or the
crack surfaces may become more faceted with an increase in crack-surface roughness as
the stress-intensity factor level was reduced.
In the literature, plasticity effects have been dismissed because the plasticity-zone
sizes are very small near threshold conditions, but crack-surface displacements are also
very small. PICC is due to the interference between the residual plastic deformations and
crack-surface displacements. Thus in the threshold regime, PICC is still a very dominant
shielding mechanism at any R-value. The FASTRAN PICC model predicts that above
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R ≥ 0.7, the cracks should be fully open under plane-stress or plane-strain conditions, so
PICC is not the complete reason for high R closure. But under high R conditions, the
crack-opening load is at the minimum load and, thus, a small influence of roughness
and/or debris will cause the crack-opening load to be higher than the minimum load. It
was suspected that the threshold tests at R = 0.7 would develop high-R closure. Thus,
Figure 18 shows the comparison of the Keff results on the R = 0.1 tests and estimated
Keff results that would match the R = 0.1 results. In the mid-rate regime, Keff = K (U
= 1). But at the threshold rate (4E-09 in./cycle), the U value was estimated at 0.55
(Keff = U, K = 0.55 K), which gives Po/Pmax = 0.835. Thus, PICC would give 70%
contribution (crack-opening load equal to minimum load) and RICC/DICC would
contribute the remainder of 0.135. While roughness/debris contributions are important,
plasticity effects are still dominant. If it had not been for the residual plastic
deformations from plasticity and cyclic crack growth at R = 0.7 loading, then the
RICC/DICC contribution would have been insignificant. Further study is needed on
measuring crack-opening loads using “local” methods, like Elber’s original work.
The 7050-T7451 alloy creates a very rough and tortuous fatigue crack-surface
compared to 2024-T3 or 7075-T6. Thus, for high-R conditions, RICC is suspected to be
a major contributor to the rise in the crack-opening-ratio level as the threshold is
approached. Very rough crack surfaces with asperities may also create debris along the
crack surfaces, so DICC is also suspected to be a major contributor to the rise in the
crack-opening-ratio levels in the threshold regime for high R [28, 41]. However, the
FASTRAN model correlated the data fairly well using a constraint factor (α = 1.8), but
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the true Keff-rate curve in the threshold regime is suspected to be much lower, as shown
in Figure 7 and 18, due to RICC and DICC mechanisms.

Figure 18. Effective stress-intensity-factor ranges for R = 0.1 tests using measurements
and estimates for R = 0.7 tests on 7075-T7451 aluminum alloy.
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Steel 9310
Testing on 9310 steel has shown that compression pre-cracking the specimens
two months before testing under constant-amplitude loading resulted in greatly reduced
tensile residual stresses at the crack-starter notch tip. A specimen was re-tested under a
larger compression pre-cracking load and immediately tested under constant-amplitude
loading (CPCA test); and the results were as expected based on previous test data on
9310 steel [9] and did not show the unusual behavior that was observed in the first test.
The remote load-strain method using the FTA crack monitoring system did not
detect any local crack closure (1 or 2% offset compliance values). Thus, the ASTM
method (load-reduced-strain records measured from the BFS gage) was used to extract
Elber’s crack-opening load, but unfortunately these results were inconclusive due to the
fact that remote gage lacked the required fidelity to determine local crack-closure
behavior. For R = 0.7 loading, the existence of crack closure was shown in Figure 15(c)
where the tail-swing (non linear load-strain records) associated with the crack closure in
the threshold region was observed. However, the remote gages are still inadequate to
determine crack-opening loads from remote measurements. For better understanding and
determination of crack-opening loads and even improvement in sensitivity, local gages
near the anticipated crack path should be used to record load-strain records as the crack
approaches these gages in order to depict in a very precise and accurate manner the
crack-closure behavior [9].
The 9310 steel creates a very smooth and flat fatigue-crack surface, but the
fracture surface showed nearly double shear fracture (V-shear). RICC and DICC are
suspected to be a minor contribution to the crack-growth rates except the one specimen
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that was delayed in testing for two months after compression pre-cracking. This
specimen showed a dark appearance compared to all others specimens, which indicated a
build-up in debris. Again, the FASTRAN model correlated the test data very well using
high constraint factor (α = 2.5) indicating that PICC was a dominant mechanism.
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CONCLUDING REMARKS
Fatigue-crack-growth-rate tests were conducted on compact, C(T), specimens
made of 7050-T7451 aluminum alloy and 9310 steel. Compact tension specimens were
tested over a wide range of load ratios (0.1 ≤ R ≤ 0.9) to generate crack-growth-rate data
from threshold to near fracture. Three methods were used to generate near threshold
data: (1) ASTM Standard E647 load reduction (LR), (2) compression pre-cracking
constant-amplitude (CPCA), and (3) compression pre-cracking load reduction (CPLR).
Results were compared with existing test data on the 9310 steel from the literature that
was tested in a different thickness, and with test data from the literature on the 7050 alloy
that was tested in a different material orientation. In both the 7050 (SL-orientation) and
the 9310 material, very little difference was observed between the ASTM load reduction
(LR), CPLR and CPCA test methods, although compression pre-cracking allowed much
lower initial ∆K values than the ASTM standard. It had previously been shown that the
ASTM LR method induces a load-history effect which may be caused by remote closure
in the 7050 alloy that was tested in the LT-orientation.
The backface strain (BFS) gage method was used to monitor crack lengths and to
measure crack-opening loads from remote load-strain records during all tests. A crackcompliance method using BFS gages had previously been used to determine that the
crack-starter notch tensile residual-stress effects from compression pre-cracking
52

dissipated in about three compressive plastic-zone sizes and the crack-closure behavior
stabilized to produce steady-state constant-amplitude data. In addition, crack extension
from the crack-starter notch beyond one notch height was shown herein to eliminate the
effects of the notch on the stress-intensity factor.
During all tests, the compliance off-set method was used to estimate the crackopening load as a function of stress ratio and crack length. A zero percent offset value
(OP0), similar to Elber’s crack-opening load, was extrapolated using the one-percent
(OP1) and two-percent (OP2) offset compliance values recorded from the BFS and crackmonitoring software using Elber’s load-reduced-displacement approach.
For the 7050 alloy, a crack-closure analysis was performed to calculate the
effective stress-intensity factor (∆Keff) against rate using measured (OP0) values for low
R (0.1) and these results were compared with the K-rate test data at high R. Past
research had shown that high R (≥ 0.7) test data is basically the ∆Keff-rate curve in the
mid-rate region. However, in the low-rate regime, previous testing had shown that highR closure develops due to the load-reduction method and/or faceted crack-growth
behavior causing roughness- or debris-induced crack closure, in addition to plasticityinduced crack closure. For high R, plasticity is suspected to give a crack-opening load at
or near the minimum load, and, thus, roughness/fretting debris are suspected to cause
crack-opening loads above the minimum load. Unfortunately, the remote BFS method
was unreliable to measure OP0 values for high stress ratios (R ≥ 0.4). In order to get
more reliable crack opening values, local gages should be used.
For the 9310 steel, the remote BFS method was unable to detect any OP1 and
OP2 compliance off-set values at any stress ratio, so a crack-closure analysis using OP0
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values could not be preformed. In the steel tests, the fatigue crack surfaces were very
flat, and roughness-induced crack closure was not expected. Debris-induced crack
closure may be caused by the environment (humidity levels). However, plasticityinduced crack closure was expected to be the major crack-closure mechanism.
A crack-closure analysis was performed on both materials using the FASTRAN
crack-closure model. The crack-growth-rate data for each material correlated very well
and collapsed onto a nearly unique curve in the low- and mid-rate regimes using the stripyield model in the FASTRAN life-prediction code. In the high rate regime, the fracture
toughness controlled the crack-growth-rate behavior. The Newman crack-growth
equation modeled the behavior in the threshold to fracture regimes fairly well. For the
7050 alloy, a constraint factor of α = 1.8 was required, while for the 9310 steel α = 2.5
worked very well in correlating the test data over a very wide range in R values and rates
from threshold to near fracture.
The major contribution of this work was to generate the K-rate data to help
industries conduct damage tolerance analyses. In addition, crack-growth-rate data needs
to be generated using local-strain gages for their sensitivity to determine local crack
opening behavior. Further studies are required to understand the impact of a time delay,
after compression pre-cracking, on the constant amplitude results.
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